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Accepted 14 November 2008This study describes the environmental atmospheric characteristics in the vicinity of different
types of severe convective storms in Europe during the warm seasons in 2006 and 2007. 3406
severeweather events from the European SevereWeather Database ESWDwere investigated to
get information about different types of severe local storms, such as signiﬁcant or weak
tornadoes, large hail, damaging winds, and heavy precipitation. These data were combined
with EUCLID (European Cooperation for Lightning Detection) lightning data to distinguish and
classify thunderstorm activity on a European scale into seven categories: none, weak and 5
types of severe thunderstorms. Sounding parameters in close proximity to reported events
were derived from daily high-resolution T799 ECMWF (European Centre for Medium-range
Weather Forecasts) analyses.
We found from the sounding-derived parameters in Europe: 1) Instability indices and CAPE
have considerable skill to predict the occurrence of thunderstorms and the probability of severe
events. 2) Low level moisture can be used as a predictor to distinguish between signiﬁcant
tornadoes or non-severe convection. 3) Most of the events associated with wind gusts during
strong synoptic ﬂow situations reveal the downward transport of momentum as a very
important factor. 4) While deep-layer shear discriminates well between severe and non-severe
events, the storm-relative helicity in the 0–1 km and especially in the 0–3 km layer adjacent to
the ground has more skill in distinguishing between environments favouring signiﬁcant
tornadoes and wind gusts versus other severe events.
Additionally, composite parameters that combine measurements of buoyancy, vertical shear
and low level moisture have been tested to discriminate between severe events.
© 2008 Elsevier B.V. All rights reserved.Keywords:
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Forecasting deep moist convection1. Introduction
Operational meteorologists routinely prepare forecasts of
thunderstorm initiation, their potential for severity, duration
and possible storm motion. The ingredients for deep moist
convection are instability, moisture and an initiating liftinggation Service—MET,
1703 4014; fax: +43
at (R. Kaltenböck).
All rights reserved.process (e.g. Johns and Doswell, 1992; Doswell et al., 1996).
For severe and organised long-living local storm develop-
ment, a sufﬁcient amount of convective potential available
energy (CAPE) and vertical wind shear is needed.
Parameters derived from radiosonde and numerical
weather prediction model data are often used to bring all the
thermodynamic and kinematic vertical information in the
troposphere together for preparing an overview of the possible
thunderstorm spectrum and a synopsis over larger regions.
Parameters that predict the likelihood of thunderstorms are e.g.
Lifted Index (Galway, 1956), original and modiﬁed Showalter
Fig. 1. Spatial distribution of all 4993 severe weather events from the ESWD database between 1.2.2006 and 21.8.2007. Area of interest from−10° W to 30° E and
35° N to 70° N is marked by a white line and includes 3406 reported events for our selected time interval.
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and mid-troposphere lapse rate. Proximity sounding studies
which have focused on the spectrum of severe storms are e.g.
Bidner (1970, Severe weather threat SWEAT), Brooks et al.
(1994, tornadic and non tornadic mesocyclones), Huntrieser
et al. (1997, SWISS Index for Switzerland), Davis and Johns
(1993, Energy–Helicity index), Tudurí and Ramis (1997) or
Gayà et al. (2001, for the western Mediterranean), Rasmussen
and Blanchard (1998, Shear-CAPE and storm-relative helicity),
Thompson et al. (2003, Signiﬁcant Tornado Parameter),
Rasmussen (2003, low level shear), Groenemeijer and van
Delden (2007, for the Nederlands), Kaltenböck (2000a, 2005,
for Austria) andBrooks (2007, comparison between Europe and
the United States (US)). For a different deﬁnition of severe
storms see e.g. Doswell (1994a,b), Mills and Colquhoun (1998),
or Brooks (2007).
Romero et al. (2007) created a synthetic climatology of
severe convection which was tested on 85 signiﬁcant
tornadoes in the past. Brooks (2007) and Brooks et al.
(2007) compared proximity soundings for severe events from
Europe and the US from reanalysis data from the period 1958–
1999. It seems that, given any severe weather that occurs,
peak values of European probabilities for certain types ofsevere weather are higher than in the US, but the conditions
for severity aremetmore seldom. European environments are
similar to those seen in the cool season of south-eastern US
(Brooks, 2007) and California (e.g. Monteverdi et al., 2003)
with low lifting condensation level (LCL) heights and
moderate CAPE.
In Europe, synoptic forcing and local inﬂuences (e.g. oro-
graphy) are predominant for thunderstorm initiation. Case
studies of severe weather events in Europe (e.g. Schmid et al.,
2000; Kaltenböck, 2000a,b, 2004, 2005; Kaltenböck et al.,
2004; Dotzek et al., 2001, 2007; Hannesen et al., 1998, 2000)
identiﬁed the importance of local, mesoscale effects (e.g.
orographic inﬂuences, convergence zones). High-resolution
model data, especially for the wind and moisture ﬁelds,
contain these mesoscale effects.
Since 2006 the European severe weather database
ESWD (http://eswd.eu) has been operational, which for
the ﬁrst time provides severe weather reports for all
of Europe. This well-documented dataset (ESSL, 2006;
Dotzek et al., 2009—this issue) combined with high resolu-
tion ECMWF analyses gives the authors the opportunity
to create this proximity sounding study for different severe
events on a European scale. This is the ﬁrst work of this
Fig. 2. European Cloud to Ground Lightning network EUCLID with marked location of detection sensors.
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severe storm reports from Europe are used to prepare
a climatology of proximity sounding parameters derived
from numerical model data. Null cases, at the same location
where severe weather events occurred, were selected
by applying lightning data. Subsequently appropriate pre-
dictors result for the likelihood of thunderstorm occurrence
and to discriminate between different types of severe
thunderstorms.Fig. 3. Time distribution (in UTC) and number of selected ESWDIn the following, Section 2 describes the data used, Section
3 presents the results, and Section 4 gives our conclusions.
2. Data and methodology
2.1. ESWD (European Severe Weather Database)
The ESWD database (www.essl.org/ESWD/) is hosted by
the European Severe Storms Laboratory (ESSL) and startedevents. For deﬁnition of the categories see text or Table 1.
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and quality-controlled data on severe convective storm
events over Europe (cf. Dotzek et al., 2009—this issue) using
an interoperable data format (ESSL, 2006), and a web-based
interface, where both ESSL staff, collaborating national
meteorological and hydrological services, as well as the public
can contribute and retrieve reports. About 3500 reports are
collected each year.
Public severe weather reports are only retained in the
ESWD if they pass a check for plausibility andmultiplicity and
then receive the lowest quality-control level QC0. If a public
report can be further veriﬁed and enhanced by independent
sources, its quality-control level will be raised accordingly to
QC1 or even QC2. Our present analysis includes all public
reports, as quality-control experience with the public input
has shown that even the QC0 reports are rarely affected by
mistakes (like indicating local time instead of UTC in a report)
and thus add valuable information needed to complete the
picture of a given severe weather day.
Fig. 1 shows the spatial distribution of 4993 severe storm
events over entire Europe between 1 February 2006 and 21.
August 2007. No data beyond 21 August 2007 are used since
this study was presented on the European Conference on
Severe Storms in Trieste in the beginning of September 2007,
but analysis of a larger time period is planned for the future.
The different types of convective severe weather events
used in this work are:
1) Tornadoes over land and their intensity
2) Hail with diameter of 2 cm or more, or smaller hailstones
that form a layer of 2 cm thickness or more on the earth
surface
3) Damaging wind gusts with measured wind speeds of
25 m/s or higher, or wind damage inﬂicted by winds that
were likely stronger than 25 m/s
4) Heavy precipitation causing damage is observed, or in case
of no damage, precipitation amounts exceptional for the
region in question have been recorded, or one of the
following limits of precipitation accumulation is
exceeded: 30 mm in 1 h, 60 mm in 6 h, 90 mm in 12 h,
150 mm in 24 h, respectively.
ESWD dust devil and funnel cloud reports are not
considered here, neither are the few reported gustnadoes
attributed to wind events. No higher tornado intensity than
F3 was reported within the study period. So, when speaking
of signiﬁcant tornadoes (F2 or higher) in the following, this
includes only F2 and F3 events.
For this study, ESWD data are selected during the warm
season to focus on convective weather events and minimize
the number of synoptically forced large-scale events like
fronts or low pressure systems. The selected periods were:
1 April to 30 September 2006 and 1 April to 21 August
2007. Geographical effects with large scale inﬂuence, like
the autumn precipitation maximum in the Mediterranean
(e.g. Romero et al., 1998) are not included in this time-
frame.
The area was selected from−10° W to 30° E, 35° N to 70°
N. This is smaller than available ESWD. The constraint is
lightning network detection efﬁciency (see Section 2.3). To
focus on events on land, all ESWD reports over water were
excluded.The total number of events was 3406 at 1309 locations on
267 days, with respect to a spatial resolution of 0.25°, which is
the resolution of ECMWF analyses. Each event was assigned
using every severe report in the database (e.g. a tornado event
accompanied by signiﬁcant hail was assigned to two events).
2.2. ECMWF (European Centre for Medium-range Weather
Forecasts)
High resolution ECMWF analyses from the T799 mo-
del were used, which are available for 2006 and 2007.
The operational dataset from ECMWF covers our selected
area with spatial grid resolution of 0.25° (about 25 km), 91
vertical levels and temporal intervals of 6 h for analyses.
This aspect allows us to create close pseudo-soundings
to investigate environmental conditions associated with
severe thunderstorms. Since most of the severe events oc-
curred during daytime, analysis data from 0600, 1200
(1300CET) and 1800 UTC were used to represent the daily
convective situation.
2.3. EUCLID (European Cooperation for Lightning Detection)
EUCLID is a collaborative effort of national lightning de-
tecting networks with the aim of identifying and detecting
lightning all over Europe from Portugal to Warsaw and from
Sicily to the North of Norway. The network provides lightning
datawith homogenous quality in terms of detection efﬁciency
and location accuracy for most parts of Europe. The positions
of lightning detection sensors are given in Fig. 2. This ﬁgure
shows a low coverage of sensors in the south-eastern part of
Europe, where the detection efﬁciency decreases with the
distance to the lightning event especially for lower peak
currents. The complete network consists of 75 sensors in 13
countries (EUCLID, 2007). Additional cooperation agreements
are made for the Iberian Peninsula, contributing to the
detection of lightning.
Lightning data for all 1309 used ESWD report locations
were available for the time period from 1 April 2006 to 30
September 2006 and 1 April 2007 to 17 August 2007. For this
study, EUCLID provided cloud-to-ground (CG) lightning data,
including polarity with 1 h time resolution.
A day was classiﬁed as thundery, when lightning struck
within a radius of 50 km from the location of reported severe
events from the ESWD database, anytime between 0900 and
2200 UTC. This time frame reﬂects the diurnal cycle (see
Fig. 3) and highlights the convective origin of severe events,
which are driven by solar radiation (cf. Dotzek, 2001; Dotzek
and Friedrich, 2009—this issue). About 86% of all reported
events occurred between 0900 and 2200 UTC, more than 90%
of all reports contained tornadoes and hail.
2.4. Classiﬁcation and proximity criteria
In case of a strict proximity criterion, the sample set will
represent the storm environment rather well, but in low
numbers. Otherwise, a larger sample size from relaxation of
the criterion may not represent the storm environment well.
To solve the critical problem of appropriate null cases in
any proximity studies (e.g. Brooks 2007) a daytime period
(0900–2200 UTC) for lightning data is used considering most
Table 1
Deﬁnitions and numbers of proximity soundings for different severe loca
storm events over Europe during 2006 and 2007 (April–September).
Number Event-category Deﬁnition/ESWD or EUCLID
60 F2+F3 Signiﬁcant tornado (F2 or higher)
410 F0+F1 Weak tornado (F0/F1)
1243 HAIL Large hail/layer greater/equal 2 cm
408 WIND Damaging wind gusts greater/equal 25m/s
1285 PREC Heavy precipitation
99664 TS 2 or more CG strikes and no ESWD-report
317641 NO 0–1 CG strikes
Fig. 4. Box and whisker plot of the total amount of CG-lighting between 09
closest to zero indicates the 25th percentile, a line within the box marks the
Whiskers (“error bars”) above and below the box indicate the 90th and 10t
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events) or not, comparable to a time period of 11 h in the
analysis by Huntrieser et al. (1997). This is in contrast to 6 h
and 185 km threshold for proximity criteria of Brooks and
Craven (2002) and Craven et al. (2002). In this study,
lightning strikes within 50 km of the selected location are
used to consider thunderstorm activity—or not—on a local
scale. To ﬁnd appropriate null cases, a lightning threshold of
1 CG ﬂash is consistent with operational forecast experience
of possible false detections (for the used 13 h time period)
and with the criteria established by Reap (1986) and used e.g.
by Craven et al. (2002). Other studies have used from zero
CG strike (e.g. for Europe Huntrieser et al., 1997) to 9 or
fewer CG strikes (Rasmussen and Blanchard,1998) for the no-
thunder category.
Lightning data from the EUCLID network and convective
severe weather reports from the ESWD database are utilized
to divide the data set into 7 categories (Table 1):
NO=non-thunderstorm class (fewer than 2 CG ﬂashes),
TS=thunderstorm class (more than 1 CG ﬂash), PREC=heavy
precipitation reports, WIND=damaging wind gusts reported,
HAIL=large hail (diameter of 2 cm of more or hail layer
thickness of 2 cm or more), F0–F1=weak tornado reports, F2–
F3=signiﬁcant tornadoes.00 and
median
h perceThese data were compared to ECMWF analysis data.
0600 UTC were used for events which occurred between 0000
and 0800 UTC, 1200 UTC for 0900–1500 UTC and 1800 UTC for
1600–2300 UTC.
3. Results and discussions
3.1. Two-year warm season climatology
3.1.1. Spatial distribution
The spatial distribution for reported local severe events
over Europe for a two warm seasons is given in Fig. 1.
Tornadoes are reported from far south, the Canary Islands to
far north, Scandinavia. The number of severe weather reports
may be correlated with population density (cf. Dotzek, 2001,
2003). There is a gradient from reported hail events in the
south to wind events in the north. Observations of tornadoes
are wide spread over entire Europe. (cf. Dotzek, 2003).
3.1.2. Daily and monthly distribution
The diurnal distributions of classiﬁed ESWD events are
shown in Fig. 3. The diurnal cycle is well pronounced in the
histograms. The peak values in the late afternoon between
1500 and 1600 UTC reﬂect the inﬂuence of solar radiation to
force deep moist convection. For both weak and signiﬁcant
tornado groups, the histograms show a secondary maximum
at 1000 UTC. Reasons for that could be the wide longitudinal
extension of the test area, covering several time zones or
vague observation time by reports, or even earlier develop-
ment of convection during enhanced low level moisture
conditions (see Fig. 7). Precipitation events seem to be highly
correlated to synoptic observation time intervals of 0000,
0600, 1200, 1800 UTC, when precipitation observations in
SYNOP reports exceed the ESWD-thresholds and conse-
quently may ﬁnd their way into the ESWD database as
additional reports.2200 UTC for each case of severe weather category. The boundary of the box
, and the boundary of the box farthest from zero indicates the 75th percentile
ntiles. In addition the 5% and 95% percentile is graphed as points..
Fig. 5. As in Fig. 4, but for the wind speed at 500 hPa (above) and frequency distribution of wind direction at 500 hPa (below).
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biased due to the absence of data from September 2007. These
distributions show low frequency for severe events in April
and September. The maximum of signiﬁcant tornado activity
is in August, for weak tornado occurrence in July and August
(cf. Holzer, 2001), for large hail in June, for severe wind gusts
in Mai to July, for heavy rain in July and for ordinary
thunderstorms a weak peak occurs in April.
3.1.3. Lightning activity
A summary of CG lightning strikes of positive and negative
polarity between 0900 and 2200 UTC within 50 km of the
reported ESWD events according to the 7 convectionmodes is
given in a box-and-whiskers plot in Fig. 4. For occurrence of
severeweather, generally more CG ﬂashes are likely (e.g. Hohl
and Schiesser, 2001, Williams, 2001). Days with ordinary
thunderstorms show the lowest values of lightning amount
(Fig. 4). The highest value of the 95th percentile (3860
lightning) is analysed by a small number of signiﬁcant tornado
days.
Overall, the highest lighting activity (50th, 75th and 90th
percentile) happened on days with signiﬁcant hail. Very few
hail events occurred without related lightning strikes, due to
either possible erroneous severe event reports or lack of
lightning detection (most non-detected cases are in the
south-east of the study area, where the coverage of sensors
and the detection efﬁciency is low, Fig. 2).
About 10% of reported wind and F0–F1 events were not
accompanied by ﬂashes, indicating the predominance of
synoptic-scale systems, the contribution of non-supercell
tornadoes or again, reporting and detection errors. Days
accompanied by weak tornadoes had less lightning intensity
than F2 and F3 tornado days (median: 97 to 253). Reasons forthat could be low-topped supercells at higher latitudes (e.g.
Teittinen et al., 2006) or supercells accompanied by a weak
instability environment, low CAPE values (Fig. 8) and
subsequent weak updrafts. The lightning activity for F2/F3
category days extended from a few strikes to more than
thousands of ﬂashes. The high lightning rates for the
precipitation category indicate that warm-season storms
accompanied by heavy rain are mainly of convective origin.
Since lightning data during daytime were used to identify
null-cases, Results differ systematically from studies using
analyses of lightning activity for shorter time periods (e.g.
Soula et al., 2004).
3.1.4. Synoptic ﬂow
The synoptic ﬂow over Europe was dominated by south-
westerly winds (Fig. 5) at higher levels for all classes of
thunderstorms. For these thundery days the advection of
unstable warm air can be expected (cf. Bissolli et al., 2007).
Analyses of helicity (not shown) reveal the warm air advection
during daytime at lower levels. For the “no-thunderstorm”
class, the maximum of 500 hPa wind direction was shifted to
westerly winds.
Wind velocities at 500 hPa, the representative mid-
tropospheric level, were highest for reported severe wind
events (Fig. 5). This illustrates the relevance of downward
transport of momentum for such events, which is sometimes
considered to be more important than the evaporation
process from precipitation (e.g., Geerts, 2001; Dotzek and
Friedrich, 2009—this issue; Dotzek et al., 2009—this issue). In
organised local storms, a pronounced rear-ﬂank downdraft
(RFD) or dry rear inﬂow develops more easily with higher
wind velocities (e.g. Kaltenböck 2004) and subsequent wind
storm damages may be triggered.
Fig. 6. As in Fig. 4, but for dew point in degrees Celsius of lowest model level.
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F2/F3 tornado events compared to F0/F1 tornadoes and hail
events. These ﬁndings indicate the role of increasing wind
speed with height due to vertical shear (Fig. 10) and the
presence of a developed RFD. Markowski (2007) mentioned
the likely role of RFDs for tornadogenesis accompanied by
small temperature deﬁcits of cold outﬂow at the ground. The
results of this study (Fig. 5) can also be compared to storm-
relative winds at 500 hPa, which were stronger for tornadic
supercells (Thompson, 1998). The severe precipitation cases
show lowest synoptic ﬂow speed, resulting in slow-moving
thunderstorms (“slow movers”) accompanied by sufﬁcient
CAPE (cf. Fig. 8). In addition, there are also no signiﬁcant
differences between PREC and TS categories for deep and low-
level shear (Figs. 10, 11, 12).Fig. 7. As in Fig. 4, but for the lifting condensa3.1.5. Low level moisture
To characterise the low level moisture, the dew point at
the lowest model level and the lifted condensation level (LCL)
is used. The ﬁrst parameter is easy to measure and shows
clearly the skill to distinguish between non-thundery and
thundery events. When dew points exceed 10 to 13 °C,
thunderstorms are more likely (neglecting mesoscale inﬂu-
ences and synoptic situation (Fig. 6).
75% of TS cases have dew points below 15.5 °C while
highest low-level moisture was found for signiﬁcant torna-
does. Themedian of dew point is approximately at 16,5 °C, the
95th percentile close to 21.5 °C. Values were lower for F0/F1
category (median= 14 °C, 95% quantile = 18.4 °C). Therefore
the height of LCL (Fig. 7) can be used to distinguish between
signiﬁcant and non-signiﬁcant tornadoes. Lower LCL heightstion level height above model surface.
Fig. 8. As in Fig. 4, but for CAPE.
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F3 tornado class and differ from other classes except TS and
PREC category.
The wind events accompanied by largest LCL heights in-
dicate the inﬂuence of entrainment and evaporation effects
within this data collective, but as mentioned before, it seems
that high values of synoptic ﬂow are as necessary to produce
severe wind gusts.
3.2. Thermodynamic parameters—instability
To analyse the thermodynamic instability, the following
parameters are derived: a) convective available potential
energy (CAPE) related to the lowest model level, b) Showalter
index (SHW), calculated from temperature and dew point atFig. 9. As in Fig. 4 but for850 hPa (Showalter, 1953; Huntrieser et al., 1997) and c) the
temperature difference between 850 and 500 hPa. The 10th
and 90th percentile for the latter (not shown) are 23 and
31 °C respectively for severe local storms.
3.2.1. CAPE
There is a wide range of surface parcel-based CAPE values
for thunderstorm activity in Europe from few hundreds of J/
kg to values of few thousands, shown in Fig. 8 (cf. Brooks et al.,
2007; Brooks and Dotzek, 2008). CAPE can be used to
distinguish between thunderstorms and non-thunderstorm
classes (75% of TS cases had values below 250 J/kg) and to
discriminate between ordinary thunderstorms and severe
events, especially HAIL, because there was no overlap in the
middle 50%. More than 75% of hail-bearing soundings exceedShowalter index.
Fig. 10. As in Fig. 4, but for vertical wind shear between lowest model level and 500 hPa.
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1000 J/kg for HAIL cases (Fig. 8). For hail events, consistent to
the US (e.g. Craven et al., 2002), higher CAPE values tend to
have more signiﬁcant severity (e.g. median value at 1100 J/kg
for hail). Yet in contrast to the US, very high CAPE values are
not necessary for signiﬁcant tornadoes in Europe. Romero
et al. (2007) found CAPE values (surface parcel-based) less
than 500 J/kg for more than half of 85 cases of signiﬁcant
tornadoes in Europe. Fig. 8 reveals median values of CAPE on
order of 500 J/kg. In addition, most reported tornadoes have
no accompanied hail reports. In the vicinity of boundary
convergence zones, such as sea-breeze fronts (Markowski,
2007; Sills et al., 2004) or topographically modiﬁed low-level
wind ﬁelds (Kaltenböck 2004, 2005; Kaltenböck et al., 2004;
Hannesen et al., 1998, 2000) the low-level shear is more
important than instability (e.g. Brooks et al., 2007).Fig. 11. As in Fig. 4, but for 0–3 kThe high CAPE values for WIND and PREC highlight the
role of convection for these categories. More than 10% of every
individual class have very low values of CAPE and are not
representative, e.g. due to frontal passage.
3.2.2. Showalter index
The Showalter index (Fig. 9) can be used very well for
dichotomous thunderstorm forecasts, applying a threshold
value of 3, which is the value of the 75th percentile for the NO
category and approximately the 25% quantile for all other
events. This thunderstorm forecast threshold value is com-
parable to the one reported for Switzerland (Huntrieser et al.,
1997). The median values of SHW are approximately 0 for all
severe thunderstorm classes, except for hail with approxi-
mately −1; hail events occurred in more unstable environ-
ment conditions.m storm-relative helicity.
1 Note that the ESWD data format allows (and explicitly encourages) to
mark such wind events as “possibly tornadic”.
Fig. 12. As in Fig. 4, but for 0–1 km storm-relative helicity.
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3.3.1. Deep-layer shear
For this study, the magnitudes of vector difference
between the wind at lowest model level and 500 hPa (VWS
SFC—500 hPa) were investigated. Results were nearly
identical to vertical shear values between 0 and 6 km (not
shown) and distinguish better between different classes than
vertical wind shear between 850 and 500 hPa.
Strongest vertical wind shear was analysed for F2/F3 and
WIND groups, with respective median values of approxi-
mately 14 m/s and the 75th percentile close to 20 m/s
(Fig.10). This parameter discriminatedwell between ordinary
thunderstorms (median: 9.5 m/s, 3/4 of TS cases have values
below 14.5 m/s) and severe local events (except for PREC
classiﬁcation) and is comparable to observations from Austria
(Kaltenböck, 2005). Most heavy rain cases were caused by
slow-movers (low synoptic ﬂow, Fig. 5) and weak vertical
deep-layer shear, accompanied by moderate to high CAPE
values (median approximately 550 J/kg, Fig. 8).
3.3.2. Low-level shear
In this study, most striking features result from storm-
relative helicity (SRH) compared to the magnitudes of vector
difference and helicity calculations. SRH has received wide-
spread acceptance within the operational forecasting com-
munity as a supercell and tornado forecast parameter
(Thompson et al., 2004; Kaltenböck, 2004, 2005). SRH from
model surface to 3 km height is calculated (Fig. 11), which is
commonly used as diagnostic forecast parameter (e.g.
Kaltenböck, 2004, 2005) and more robust in hilly and
mountainous areas in Central Europe than shallow layer
wind shear. To point out the key role of low-level shear for
producing tornadic supercells, shallow SRH between the
lowestmodel level and 1 km height and in addition, to the LCL
height, were investigated. For SRH calculation, the storm
motion was estimated as 75% of the magnitude of the mean
wind of the layer between 0 and 6 km, and applying a
deviation of direction of 30° to the right (e.g. Davis and Johns,1993 or Romero et al., 2007). The calculation of SRH is very
sensitive to the estimated storm motion (e.g. Kaltenböck,
2005). Observations of storm motion demonstrate that
movement of storms is not constant in direction and speed.
Hence, this parameter should be adapted for short-range
forecasting by using actual observations such as surface data
and remote sensing data to modify the vertical wind proﬁle
and storm motion (Kaltenböck, 2004).
Fig. 11 shows SRH for the 0–3 km layer. Median values
for severe events are weaker than for case studies (e.g.
Kaltenböck, 2004) or for analyses of radio-soundings for
severe deep convection in Austria (peak value of histogram is
85 m2/s2, Kaltenböck, 2005), the Netherlands (Groenemeijer,
2005) or in the US (Rasmussen and Blanchard, 1998). In the
vicinity of mountain ridges the modiﬁcation of the low level
wind ﬁelds, which enhances the low level directional shear,
was shown to play an important role in Europe for the
initiation and development of severe local storms (Hannesen
et al., 1998, 2000; Dotzek, 2001; Kaltenböck, 2004, 2005;
Kaltenböck et al., 2004; Dotzek and Friedrich, 2009—this
issue). Brooks (2007) conﬁrms this stronger topographic
forcing over Europe, obtained from proximity sounding
comparison between Europe and the US.
Ordinary thunderstorm, weak tornado, hail and precipita-
tion events occurred in the same range of SRH—0–3 kmvalues
(median of approximately 30 m2/s2). Signiﬁcantly higher
values for F2/F3 and WIND groups (median: 50 m2/s2) were
analysed. The latter hint indicates a possible relationship
between the occurrence of wind events and tornadoes. Two
reasons are conceivable: (a) a common mechanism for
tornado and downdraft-production in thunderstorms (cf.
Giaiotti et al., 2007) or (b) ESWD reports with insufﬁcient
evidence for having been tornadic and which were thus
reported as damaging wind events only1.
Fig. 13. As in Fig. 4, but for the energy helicity index using SRH 0–1 km.
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signiﬁcant and non-signiﬁcant tornadoes (median value 25
compared to 55 m2/s2). Lower values, but also pronounced
differences are found in Fig. 12, where SRH between model
surface and 1 km is presented. SRH 0–1 km discriminates
very well between signiﬁcant tornadoes and F0/F1 or hail.
75% of the latter cases show values below 36 m2/s2. But the
highest SRH values still occur for WIND events, their median
is similar to the F2–F3 category.
Additionally, the impact of variable effective low-level
wind shear layer depth instead of ﬁxed 0–3 km or 0–1 km
layers for effective SRH calculation was investigated
(Thompson et al., 2004). No improvements to distinguish
between signiﬁcant and weak tornadoes could be found (notFig. 14. As in Fig. 4, but for the sigshown). Unfortunately an overlap between the middle 50%
still remains.
3.4. Combination of instability and vertical wind shear (VWS)
parameters
There were no differences in the CAPE and VWS pa-
rameters for each individual convection mode. Composite
parameters, e.g. CAPE⁎VWS did not enhance differences in
parameter to get better forecast predictors for different se-
vere storm classes. Reasons could be the small sample or
an underreporting of F2 and F3 events, the synchronous
occurrence of different severe events (e.g. tornado accom-
panied by hail) and standard values of CAPE and SRH, whichniﬁcant tornado parameter.
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incorrect interpretation of the index when used in Europe
(Doswell and Schultz, 2006).
Fig. 13 shows the box-and-whiskers plot of Energy Helicity
Index (EHI) using low level SRH 0–1 km (Rasmussen 2003):
EHI = CAPE⁎SRH 0−1 km = 160 000 J
2
= kg2
 
: ð1Þ
The median value of F2/F3 category (0.065) differs most
from F0/F1 (0.015) and other classes. About 2/3 of cases of
the signiﬁcant tornado category exceeded values of 0.01,
while 2/3 of TS caseswere below 0.017. But, EHI is not the best
discriminator between different severe storm events due to
the overlapping middle 50% box. The values are lower—
compared to US (Rasmussen, 2003) where the supercell
category showed a median value of 0.12 and nearly 2/3 of
tornado soundings had values above 0.5.
The signiﬁcant tornado parameter (STP) in Fig. 14 was
calculated using the same thresholds as Thompson et al.
(2003). Modiﬁcation of the scaling constants to European
standard environmental conditions, which favour severe
storms was poorer in discriminating between different
classes. STP is calculated from:
STP =
CAPE
1000 Jkg−1
⁎
VWS0—6
20 ms−1
⁎
2000− heightLCL
1500 m
ð2Þ
The combination of the many parameters to form the STP
provided no striking differences to distinguish between
signiﬁcant tornadoes and wind events, but worked sufﬁ-
ciently to separate the F2/F3 category from other groups
(threshold value 0.05). More than 50% of signiﬁcant tornado
cases exceeded this value.
4. Conclusion and future work
A large dataset from ESWD provided severe storm reports
for 2006 and 2007 on a European scale and associated EUCLIDFig. 15. Scatter plot of storm-relative helicity (0–3 km) and height of lifting condlightning data provide well-deﬁned null cases (ordinary or no
thunderstorm category). Additionally, ESWD data were used to
distinguish between ﬁve severe weather categories. Not all data
in the database have the highest of the three quality-control
levels, and in some regions, severe events may be under-
reported. Therefore, geographical and reporting biases result
and smooth the thresholds for calculated predictors. ECMWF
analyses were used to create close pseudo proximity soundings
to investigate environmental conditions associated with differ-
ent types of severe thunderstorms, ordinary thunderstorms and
no thunderstorm cases. These offer 1309 locations in Europe
associated with 3406 local severe events which have been
analysed with the following results.
The numbers of severe weather reports are naturally
correlated to population density. Severe events occurred
more frequently in summer (May/June to August), with a
pronounced diurnal cycle. More CG lightning was likely during
days with severe weather, especially with hail, wind and
precipitation events from organized and clustered thunder-
storm systems. Most severe events were associated with
stronger south-westerly ﬂow at 500 hPa (in contrast
to westerly and north-westerly ﬂow for non-thunderstorm
events), except heavy rain events which indicates the inﬂuence
of slow movers. South-westerly ﬂow advects warm and moist
air, and thunderstorms were more likely when dew points
exceeded 10 °C. Severe events were more likely when dew
points exceeded 13 °C (median value of 16.5 °C for F2/F3
tornadoes (cf. Bissolli et al., 2007). These ﬁndings correspond
to lower LCL height for tornadoes and precipitation events
(median value of 450 m AGL).
An analysis of thermodynamic and kinematic environmen-
tal structures revealed the following:
CAPE can be used to discriminate between thunderstorm
and no thunderstorm group (about 250 J/kg) as well as a
threshold of the Showalter index of 3. Further, CAPE predicts
the probability of severe events when 500 J/kg is exceeded;ensation level for different severe and ordinary thunderstorm categories.
Fig. 16. As in Fig. 15 but with respect to vertical wind shear between lowest model level and 500 hPa and surface-parcel based CAPE. Horizontal axis is in log space.
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occurred within moderate CAPE environment.
Highestmedian value of deep-layerwind shear (from surface
to 500 hPa) was found for F2/F3 and WIND events (approxi-
mately 14 m/s). Forecasters should be aware of a severe storm
threat when VWS SFC-500 hPa is in excess of 10 m/s during
unstable conditions. The range of SRH between surface and 3 km
height, which is more robust in mountainous and hilly terrain,
ranged from 10 to 110 m2/s2 and can rather well discriminate
between signiﬁcant tornado/severewind gusts andother groups
(threshold about 50 m2s−2). The low-level shear (SRH 0–1 km)
has lower values, but is an additional discriminator between F2/
F3 or WIND and all other classes. Hail events accompanied by
moderate to strong deep-layer shear did not need strong low-
level shear (median of SRH 0–1 km below 11.5).
At last, composite parameters show no clear skill to
distinguish better than single proximity sounding-derived
parameters from model data. Most of the parameters are
correlated and reveal no clear thresholds due to overlapping
ranges. Figs. 15 and 16 illustrate the difﬁculties to select
valuable predictors with severe events embedded in 99,664
cases of ordinary thunderstorms. Severe events were generally
found at lager shear and CAPE than ordinary thunderstorms.
The likelihood of tornadoes, especially for F2 or higher,
increased with lower heights of LCL. The EHI discriminated
between F2/F3 and other classes (threshold approximately
0.065). This works better with the use of STP value exceeding
0.05 for the occurrence of signiﬁcant tornadoes.
The forecast of thunderstorms over entire Europe from
model-derived indices works quite well. Even the discrimina-
tion between severe and non-severe events delivered accep-
table results. Severe storm forecasters need to be aware of
the limitations of using indices, summarized by Doswell and
Schultz (2006). The challenge for further work is to predict
the mode of severe events and the onset time of deep con-
vection. In this study, no parameter and corresponding
threshold could be deﬁned as forecast predictor for differentsevere events, especially between signiﬁcant tornadoes and
wind events. Reasons for this are likely similar physical
processes for their occurrence or the mesoscale inﬂuences
(e.g. orography, sea breeze,…).
These ﬁndings should be further investigated based on
a longer time period containing more signiﬁcant events, as
well as by case studies or/and with the aim of high resolution
numerical models to ﬁgure out the important role of local and
mesoscale effects for producing severe thunderstorms. In this
context, different geographical regions should be deﬁned, e.g.
coastal areas affected by maritime air masses (e.g. Tudurí and
Ramis, 1997 for Mediterranean) or mountainous regions and
their speciﬁc modiﬁed wind- and temperature ﬁelds.
Other sounding parameters and combinations related to
severe events should be further investigated (e.g. DCAPE,
create threshold values for European STP, lightning rates,
categories based on air masses…). Additionally shorter time
intervals of model data are needed and a greater amount than
the present 60 signiﬁcant tornadoes is needed to reduce
potential reporting biases and to obtain more robust results
from statistical analyses.
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